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1. Introduction
Adhesively bonding composite patches on either single 
or double sides of a damaged structure also referred to as 
bonded composite repair, have been shown to be efficient in 
reducing the stress intensity at the crack tip and thus improv-
ing the service life of the damaged structure. Boned composite 
repair would develop complicated 3-D stresses even for a sim-
ple plate under in-plane loading condition. It is then challeng-
ing to derive stress intensity factors and predict the fatigue 
behavior of the repaired structure. Since the first use of a com-
posite patch to repair damaged aircraft and marine structures 
[1], progresses have been made to improve the accuracy of 
prediction methods and the effectiveness of bonded composite 
patch repair technique [2–5]. Various numerical methods such 
as boundary element method, collocation method, finite dif-
ference method, finite element method and finite element al-
ternating method have been developed for a better prediction 
of fracture. Finite element method gains popularity with the 
introduction of Quarter Point Elements at the crack tip [6, 7]. 
Several other element types were discussed to improve the ac-
curacy of SIF estimation [8]. However, numerical models are 
usually simplified to avoid the high aspect ratio element and 
reduce the computational time [9, 10]. In addition to the obvi-
ous high cost of computation, high aspect ratio elements are 
needed for the thin adhesive layer and patches, which usually 
cause convergence problems.
A two dimensional finite element code, utilizing plane 
stress elements to mimic the repaired plate, referred to as FRac-
ture ANalysis Code for 2D Layered structure (FRANC2DL), is 
being used by many researchers [11–13]. However, 2D models 
cannot capture the out-of-plane deformation along the crack 
front which has considerable impact on the stress intensity 
factor across the plate thickness [14]. The use of three dimen-
sional models to perform fracture analysis is lacking [10].
In this paper, three dimensional finite element models with 
high aspect ratio elements have been constructed for double 
sided composite repairs of Al7075-T6 Single Edge Notch Ten-
sion (SENT) specimen. Both Kevlar-49/epoxy and e-glass/ep-
oxy are evaluated due to their high impact properties and low 
cost [15]. The influence of patch material, initial crack length, 
and the adhesive thickness were examined in terms of load 
transfer mechanism, stress distribution, SIF, COMD and dam-
age variable D.
2. Finite element model
A three dimensional plate with a pre-existent V-notched crack, 
as shown in Figure 1, was investigated using commercial non-
linear finite element software ABAQUS (Dassault Systémes 
Simulia Corp., RI, USA). The structure has been meshed using 
second order hexahedral elements. The crack tip, due to the 
singularity caused by its sharp edges, was modeled as quar-
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ter point elements, which transform from the 20-node brick el-
ements by moving the midside nodes of the elements at the 
crack tip to quarter distances from the crack tip.
The plate is 305 mm in height, 51 mm in width, and 
1.6 mm in thickness. The length of the crack is initially set as 
8 mm with a crack mouth opening of 0.5 mm. A rectangular 
patch and adhesive with the dimensions hp = ha = 117 mm, 
wp = wa = w = 51 mm, tp = 0.66 mm, and ta = 0.12 mm has been 
used, where the adhesive and the patch are indicated as sub-
scripts “a” and “p”, respectively.
The material properties for the Al7075-T6 plate, FM 73 ad-
hesive, Kevlar-49/epoxy, and e-glass/epoxy pre-preg patches 
are summarized in Table 1. The Al plate is subjected to a uni-
form linear ramping load of 250 MPa on one end while the 
other end is fixed.
The crack front and its extension direction were defined us-
ing contour integral method, which uses domain integral tech-
nique to expand area integral in two dimensions and volume 
integral in three dimensions [16]. Furthermore this technique 
provides better accuracy if a focused mesh at the crack tip is 
used. The stress intensity factors (KI, KII & KIII) and J-integral 
were obtained. The stress intensity factor is a measure of stress 
field at the crack tip whereas J-integral is the extent of energy 
release rate associated with crack growth. The above two pa-
rameters are related under linear material behavior.
3. Results and discussion
3.1. Validation
The stress intensity factors obtained from numerical modeling 
have been validated by analytical solutions. The mode I stress 
intensity factor K1 for the SENT specimen was calculated as 
[16, 18, 19]
(1)
where σ is the applied nominal stress in MPa, a is the edge 
crack length in mm, and (a/w) is a dimensionless parame-
ter which is the ratio of crack length to width. The unit of K1 
is MPa √mm. For adhesively bonded joint, Rose’s model [19] 
was used as
(2)
where Kp is the mode I SIF of the single sided patch repair in 
MPa √mm, K1 is the mode I SIF of SENT specimen, E is the 
modulus of elasticity, G is the shear modulus and t is the thick-
ness in mm. The J-integral was then obtained as
(3)
where J is the energy release rate or J-integral in N/mm, 
E′ = E for plane stress and E′ = E/(1 – υ2)  for plane strain case, 
whereas K1, K2, and K3 are the SIF in three directions.
The mode I SIF for the bare plate was 1616.77 MPa √mm 
obtained from Equation (1), compared to 1623.57 MPa √mm 
from our simulation. They agree very well with only 0.42% er-
ror. The mode II and III were negligible in this case.
For the single sided Kevlar-49/epoxy composite patch re-
paired plate, the J-integral value was 4.65 N/mm from nu-
merical results, which match well with analytical result of 4.56 
Nomenclature
a crack length
C compliance
CMOD crack mouth opening displacement
E modulus of elasticity
h height
 
SENT single edge notch in tension
SIF stress intensity factor
t thickness
w width
υ	 Poisson’s ratio
σ	 applied nominal pressure or stress
Figure 1. Finite element mesh of the plate where 20-noded elements are converted into 15-noded elements at the crack tip.
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N/mm. However, the obtained mode I SIF is 396.92 MPa √mm 
from our computational model, which significantly differed 
from the analytical results of 603.83 MPa √mm from the Equa-
tion (2). This is due to the zero bending assumptions in the an-
alytical formula, which transfer all the energy into the mode 
I SIF. In fact an out-of-plane bending is expected for a sin-
gle sided repair and both mode I and mode II fracture shared 
the applied energy resources. Our 3-D simulation captured 
this bending effect which was not presented in the 2-D mod-
els. The mode II SIF was obtained as 369.38 MPa √mm and 
was comparable to the mode I SIF whereas, mode III SIF was 
−75.93 MPa √mm. This also indicates a 2D model usually over-
estimates the mode I SIF. This agrees with the experimental 
observations [20].
3.2. Effect of patch repair
The bonding between patch and cracked substrates will affect 
mechanical properties of the joint. The effectiveness of Kev-
lar-49/epoxy and e-glass/epoxy patches for repaired Al7075-
T6 specimen was evaluated in terms of stress distribution 
along the crack, SIF and CMOD. Figure 2 shows the stress 
concentrations at the crack tip is reduced with the composite 
patch repair. It is also clear that the Kevlar-49/epoxy compos-
ite patch repair is slightly better than the e-glass/epoxy patch 
in the stress reduction. The maximum Von Mises stress in the 
Kevlar-49/epoxy patch repaired plate is reduced by 85% from 
5787 MPa in the original cracked plate. The stress reduction is 
80% for Al plate repaired by e-glass/epoxy patch.
Table 1. Material properties of cracked substrate, patches and adhesive [13, 15, 17]. 
Properties Al 7075 T6 Kevlar-49/epoxy E-glass/epoxy FM73 adhesive
Longitudinal modulus E1 (GPa) 72 80 41 1.1
Transverse in-plane modulus E2 (GPa) – 5.5 12 –
Transverse out of plane modulus E3 (GPa) – 5.5 12 –
In-plane shear modulus G12 (GPa) 28 2.2 5.5 0.44
Out of plane shear modulus G13 (GPa) – 2.2 5.5 –
Out of plane shear modulus G23 (GPa) – 1.8 3.5 –
Major in-plane Poisson’s ratio υ12 0.33 0.34 0.28 0.44
Major out of plane Poisson’s ratio υ13 – 0.34 0.28 –
Major out of plane Poisson’s ratio υ23 – 0.4 0.5 –
Figure 2. Stress map at the crack tip in (a) bareplate, (b) Kevlar-49/epoxy patch repaired plate, and (c) e-glass/epoxy patch repaired plate.
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The stress intensity factor is the other measure of stress 
field at the crack tip, which is computed using interaction in-
tegral method [16]. The obtained mode I SIF for double sided 
repair is 165.3 MPa √mm and 218.81 MPa √mm for 1-ply Kev-
lar-49/epoxy and e-glass/epoxy respectively. Compared to 
the SIF of 1623.57 MPa √mm for the cracked bare plate, there 
is 7–10 times decrease in SIF. This could be explained by the 
higher rigidity in the loading direction of 1-ply Kevlar-49/ep-
oxy material, which shares more than half of the load from the 
plate, thereby retarding the crack growth. This agrees with 
the speculation by Ouinas and Hebbar [21]. Moreover, reduc-
tion of SIF is also related to a smaller crack mouth opening dis-
placement. Figure 3 shows the nonlinear crack profile with 
and without adhesive patches. Boned composite repair led to 
a reduction of CMOD at the edge of the plate by 79% with re-
spect to the cracked Al plate. This implies a restored stiffness. 
At the same applied load, the CMOD of these two patch ma-
terials is less than half micrometer, as shown in Figure 4. Kev-
lar-49/epoxy patched plate shows a slightly stiffer behavior 
than the e-glass/epoxy patched one, due to the larger mechan-
ical strength of the patch material in the loading direction. 
This indicates the patch material is essential for the perfor-
mance of the repair.
3.3. Effect of crack length
In general crack becomes unstable when its length exceeds cer-
tain limit [21]. To understand the role of crack length on the 
stress field of the plate, various crack length as 9%, 15%, 19%, 
29%, 39%, and 49% of the plate width (w) were investigated. 
Figure 5 demonstrates a significant reduction of SIF as a result 
of repair using composite patches, especially for large cracks. 
It is obvious that a lager crack, under the same loading con-
ditions, lead to a higher SIF, and a larger CMOD correspond-
ingly. This is due to the crack, also referred to as damage in 
the continuum damage mechanics, reduced the deformation 
resistance of the plate to applied loads. Due to the load shar-
ing capacity of the patch, the SIF, at the relative crack length 
(a/w) of 0.49, is reduced to 1/29 for the Kevlar-49/epoxy re-
pair and 1/22 for e-glass/epoxy one.
Damage of the joint is evaluated by monitoring stiffness 
and a damage variable (D) was adopted as [22]
(4)
where E, E′ refer to the original and current Young’s Modulus, 
respectively. D is set as zero when there is no crack present. 
The amount of damage of a structure depends on the relative 
change of the Young’s modulus with the presence of cracks, 
as depicted in the Figure 6. It is clear that the stiffness of the 
bare plate is reduced by 32% with a half width edge crack i.e., 
a/w = 0.49. After the cracked plate was repaired with Kev-
lar-49/epoxy doubler, the stiffness of the plate improved from 
the 39 GPa to 88 GPa, and its damage D can be neglected. This 
indicated a better loading capacity for a reinforced structure 
presuming a perfect adhesive bonding.
Figure 3. Crack profile for a plate repaired with Kevlar-49/epoxy 
and e-glass/epoxy patches.
Figure 4. Effect of patch material on the crack behavior.
Figure 5. Effect of crack length on the SIF.
Figure 6. Damage factor with respect to crack length for plate.
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3.4. Effect of adhesive thickness
Adhesive layer plays a vital role in transmitting load from 
the cracked plate to the composite patch. The geometrical fea-
tures such as thickness can affect the mechanical strength at 
the adhesive-substrate interface. A thick adhesive layer results 
a large SIF regardless the patch material (Figure 7). Both Kev-
lar-49/epoxy and e-glass/epoxy patched repair demonstrated 
a sharp increase of SIF at the thickness around 0.25 mm. But, 
as the adhesive become thicker, the SIF reaches a plateau. This 
may be due to the reduced load transmitting capacity of the 
thick adhesive. It is verified by our results (Table 2) that, af-
ter bonded composite repair, load shared by the patch re-
duced from 49.7% to 47.0% as the thickness of the adhesive in-
creases from 0.12 mm to 1.5 mm. The applied load shared by 
the patch, however, increased from 0.129% to 1.72%. Since the 
adhesive layer is mainly served to transmit load, its increased 
share of the applied load is not desirable, which might cause 
adhesive delamination because of higher shear stress and rela-
tive weaker bonding [23].
Significant stresses resulted at the adhesive-substrate inter-
face, especially where adhesive and substrate have significant 
Figure 7. Influence of adhesive thickness on the SIF.
Figure 8. Stress map in the 0.25 mm thick adhesives at the crack location, using (a) Kevlar-49/epoxy patch, (b) e-glass/epoxy patch. The top 
surface is the adhesive-plate interface.
Figure 9. Strain distribution in the 0.25 mm (a) and 1.5 mm (b) thick adhesive for Kevlar-49/epoxy patch. A 50 times scaling is used for the 
zoom-in view of the peel strain distribution. The top surface is patch-adhesive interface.
Table 2. Percentage of load sharing at various adhesive thicknesses. 
Adhesive  Kevlar-49/epoxy repair               E-glass/epoxy repair
thickness   Plate        Patches    Adhesives    Plate    Patches   Adhesives 
 (ta)               (%)            (%)           (%)                 (%)         (%)            (%)     
0.12 50.196 49.705 0.138 66.617 33.198 0.184
0.25 50.833 48.866 0.3 66.911 32.696 0.391
0.38 50.980 48.559 0.460 67.009 32.388 0.601
0.5 51.029 48.365 0.605 67.107 32.198 0.791
0.8 51.078 47.968 0.953 66.911 31.842 1.246
1 51.127 47.693 1.179 66.813 31.64 1.541
1.5 51.225 47.05 1.724 66.519 31.227 2.252
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different elastic modular, as shown in Figure 8. It is clear that 
a larger stress concentration of 16.8 MPa exist at the e-glass/
epoxy patch-plate interface around crack region, compared 
to 11.09 MPa at the Kevlar-49/epoxy-plate interface. Consid-
ering a Kevlar-49/epoxy patch repaired plate, a maximum in-
plane shear stress on the adhesive layer, located at the edge, 
is 0.29 MPa for the 0.25 mm thickness, compared to 0.51 MPa 
for the 1.5 mm thick adhesive. The peel force in the adhesive 
plane increased nearly 2-fold from the minimum load at the 
plate-adhesive interface to the maximum load at the patch-
adhesive interface. The maximum peel force in the adhe-
sive is 255.9 N for the 0.25 mm thick adhesive, whereas, it is 
564.5 N for the 1.5 mm thick one. This is mainly due to the rel-
ative large deformation in the adhesive edge, as demonstrated 
in the Figure 9. Our results demonstrate that a thinner adhe-
sive layer is preferred, which lead to lower stress in the adhe-
sive layer, higher percentage of load shared by patch material. 
However a strong bonding must satisfy minimum adhesive 
thickness. An optimum adhesive thickness suggested by Are-
nas et al. [23] is in the range of 0.25–0.4 mm.
4. Conclusions
The aim of this paper was to use the finite element method to 
study the performance of bonded composite patch repair un-
der uniaxial tension. The influence of material and geometri-
cal properties of the adhesive and crack on the fracture param-
eters has been examined in terms of load transfer mechanism, 
shear stress distribution, SIF, CMOD and damage variable D 
through three dimensional models. The conclusions are sum-
marized as:
• Repairing a damaged structure with bonded compos-
ite patches on one side results in a mixed mode fracture 
behavior, which can be captured in 3D simulation. Our 
model is validated by analytical solutions.
• Composite repaired structure regains the service life by re-
ducing the stress concentration and CMOD at the crack 
surface and reliving the SIF accordingly.
• The composite patch material affects the performance of 
the repair. Significant stresses resulted at the adhesive-
substrate interface, especially where adhesive and sub-
strate have significant different elastic modular. There is 
3.3% difference in the mode I SIF using a Kevlar-49/epoxy 
rather than e-glass/epoxy composite patch.
• Damage variable D was used to assess the amount of dam-
age in regard to relative stiffness of the material. A rela-
tive large crack lead to an unstable higher SIF and larger 
D, which could be reduced dramatically through bonded 
composite repair.
• The load carrying capacity is reinforced by composite patch. 
A thinner adhesive layer results in a higher percentage of 
load transmitted to the patch.
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